This paper presents the diffraction effects on the performance of a dual external cavity tunable laser source, whose external cavities are constructed by micro electro mechanical systems (ME-MS). One of the main problems in these structures is the optical diffraction as the emitting surface of the laser diode is usually quite limited in the transverse directions. The emitted beam diffracts rapidly in the air and only a small amount of light is coupled back to the source that usually limits the tuning range of the source. Device characteristics such as tuning range, wavelength shift and sensitivity are evaluated. New expression is used and multiple reflections inside external cavities are considered. The simulation results have shown that single external cavity has limited tuning range. It is shown that multiple reflections have significant effect in our model. To get a better engineering for the dual ECTL dimensions, diffraction effects must be taken into account.
Introduction
Tunable lasers have wide applications in communication, especially in wave length division multiplexing (WDM), sensing application and measurements [1] - [3] . There are three specifications that must be achieved in tunable laser to be applicable in modern applications. The specifications are the high tuning speed, miniaturized device dimensions and the wide tuning range [3] - [8] . These three specifications can be achieved using the Micro Electro Mechanical System (MEMS) technology [2] [3] .
There are many features that make MEMS technology preferred in fabrication of micromechanical structures such as high accuracy, self aligned, high speed response in moving and enhanced mechanical stability [3] [9] [10]. The MEMS technology can add a lot of features like the small size, low weight, high accuracy as well as fast speed in tuning. For this purpose, MEMS based tunable laser structures have been proposed and tested in the literature using different structures [2] [3] . These structures are mainly based on one external cavity semiconductor laser in which the external cavity is formed by a moving MEMS mirror but suffer from lower tuning range. To increase the tuning range, grating must be used in the structures such as Littrow or Littman but also these structures suffer from large size [2] - [4] . So in this paper dual external cavities are used to enhance tuning range rather than single external cavity and also to miniaturize size than Littrow and Littman [11] [12] . The configuration consists of two cavities: one reflective movable mirror element was placed close to the original cavity to form the first cavity; and the second mirror is a transparent mirror, it was placed far from original cavity to form the second cavity. One way to fabricate this moving mirror as well as its actuator is to use the Deep Reactive Ion Etching (DRIE) technology on SOI wafer [2] [9] [10] . The objective of this paper is to study the diffraction in the MEMS based on a dual external cavity tunable laser source and to prove that the tuning range is increased in case of the dual external cavity. Simulation of the optical field propagation in the structure is verified by accurate theoretical model [13] . In the model each external cavity can be represented by using effective reflection coefficient. The model is based on the plane wave expansion method. The calculation of tuning range through an effective phase perturbation technique is done by using effective reflection coefficient. In this technique phase oscillation condition for the laser oscillator is changed due to perturbation that come from external cavity phase. Based on that, the new resonance frequency (emission wavelength) is then calculated.
System Model
A MEMS dual external cavity tunable laser is shown in Figure 1 with two external mirrors assumed to have finite dimensions limited by the technological capabilities of the DRIE technology. In our model, we assume that L is the primary cavity's length (containing the active medium), L ext1 is the length of the first external cavity, L ext2 is the length of the second external cavity, 1 r and 2 r are the reflectivities of the facets forming the original cavity, ext1 r is the reflectivity of the first external mirror and ext 2 r is the reflectivity of the second external mirror. The external reflector can be combined with the facet of the primary cavity yielding an effective reflectivity eff r [12] [14] that can be expressed as: R and 2 R are the power reflectivities of the two facets of the primary cavity and r θ represents the phase term corresponding to each external cavity length at wavelength λ .
In the dual external cavity tunable laser the external mirror of the second cavity is actually transparent, so in this paper we make classification for the coupled feedback based on the first external mirror only. In case of weak feedback, ext1 1 r r  , so we can neglect multiple reflection and can substitute in Equation (1) by 1 n = . In case of strong feedback, ext1 1 r r  , multiple reflections will affect the total amplitude and phase of effective reflectivity. From the previous work the best external cavity reflectivity is for the external cavity mirror to match the reflectivity of internal mirror of the primary cavity [12] . As the optical frequency is mainly determined from the phase condition in the round trip of the laser cavity, we calculate the change in the round trip phase due to the existence of the external cavities. When the phase takes values of multiples of 2π, the oscillation condition can be satisfied again and a laser longitudinal mode oscillates. This change in the phase can be calculated from Equation (3) [15] :
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where l τ is the round trip time delay of the optical beam inside the primary laser cavity, r ∅ represents the total phase of effective reflectivity due to two cavities, ν is the new oscillation frequency and th ν is the oscillation frequency before using an external cavities and α is the linewidth enhancement factor in the semiconductor material. From this relation, we can find a new formula for the frequency shift of the laser emission that result due to using dual cavities as follows: 
This expression for the frequency shift is valid for both weak and strong feedback reflections. It can thus be used to study the effect of the diffraction on the frequency shift and hence on the resonance frequency of the laser. To calculate this frequency shift, it is required to evaluate both the amplitude and phase of the reflected beam after travelling in the external cavity. The suggested technique, the Plane Wave Expansion Method is based on the expansion of the optical field of finite spot size emitted from active cavity in terms of the proper propagation modes in the free space, the plane waves. The optical beam is thus decomposed into plane waves using the fast Fourier transform FFT algorithm. Propagation in the external cavity is represented for each plane wave component as a multiplication by a free space transfer function [16] . The total field composed of all the plan waves is then constructed again at the surface of the external reflector using the inverse Fourier transform IFFT to return to spatial domain. When the external mirror has finite dimensions, part of beam is reflected by mirror reflectivity and another part doesn't reflect due to finite mirror size and thus we have a truncated beam. Outside the mirror surface reflection coefficient is considered as zero. The part that reflected from mirror is modulated by the shape of mirror. The reflected beam is then transformed again to the spectral domain and propagated in the free space as before. When arriving back to the laser diode surface, the beam is returned back to the spatial domain using the IFFT and its coupling to the cavity is calculated using the overlap integral with the cavity mode [6] .
For the infinite mirror, the tuning range of dual external cavity tunable laser is higher than single external cavity tunable laser as shown in Figure 2 . In our model we assume that the laser output from primary cavity is an elliptical Gaussian beam with a spot size of about 1 μm in the y direction and 3.5 μm in the x direction.
[16]- [18] . The field distribution at the output of the laser diode can thus be expressed as: 
where 0 x w is the spot size in the x direction and 0 y w is the spot size in the y direction, m E is the field amplitude at the center of the beam and the beam phase front is assumed at the emitting edge of the laser diode surface. The wave length of the laser source is 1550 nm. Because of the spot diffraction and in the absence of any focusing element, the external cavity length needs to be very short to maintain feedback efficiency acceptable.
Results
For an external mirror with high reflection coefficient, the coupled power that come back to active cavity from external mirrors is affected by number of round trips through external cavities. For weak feedback with ext1 1 r r  in dual configuration, we assume only one round trip in the calculation after one round trip, the optical intensity may still be strong enough to perturb the operation of the laser. A model that accounts for the multiple reflections of the beam in the external cavity is thus developed. This situation is closer to the practical case as usually the mirror is coated by a metal to increase its reflection coefficient. The effect of multiple reflections on the laser performance when the external mirror reflection is moderate is calculated first and the obtained results are presented in Figure 3 . On the other hand, when increasing the reflection coefficient, we observe a change in the tuning behavior as the tuning is not symmetric with respect to the positive and negative frequency shift as seen in Figure 3 . Also multiple reflections show a change in tuning sensitivity. Tuning sensitivity is the change in d dx λ with respect to mirror position as can be seen in Figure 4 [2] [19] .
Conclusion
In this work we studied the diffraction effects on the single and dual external cavity tunable lasers and calculated the tuning range in both cases by using accurate developed model. The model shows that the dual external cavity has higher tuning range than single external cavity tunable laser. The model also accounts multiple reflection in the dual external cavity tunable laser. The model shows that multiple reflection has significant effect on the tun- ing range as well as the tuning sensitivity of the laser. By taking multiple reflections in our calculations, we simulate practical external cavity laser, so we can engineer accurate dimensions for a required tuning range.
